The reaction of HO 2 NO 2 (peroxynitric acid, PNA) with OH was studied by the hybrid density functional B3LYP and CBS-QB3 methods. Based on the calculated potential energy surface, five reaction channels, H 2 O+NO 2 +O 2 , HOOH+NO 3 , NO 2 +HO 3 H, HO 2 +HONO 2 and HO 2 +HOONO, were examined in detail. The major reaction channel is PNA+OH→M1→TS1→H 2 O+NO 2 +O 2 . Taking a pre-equilibrium approximation and using the CBS-QB3 energies, the theoretical rate constant of this channel was calculated as 1.13×10 −12 cm 3 /(molecule s) at 300 K, in agreement with the experimental result. Comparison between reactions of HOONO 2 +OH and HONO 2 +OH was carried out. For HOR+OH reactions, the total rate constants increase from R=NO 2 to R=ONO 2 , which is consistent with experimental measurements.
I. INTRODUCTION
HO 2 NO 2 (peroxynitric acid, PNA) is formed in the atmosphere by the association reaction of HO 2 with NO 2 . As early as 1977, Nike et al. verified that HO 2 NO 2 was a molecule, and not a simple complex, by using IR spectrum [1] . After that there have been considerable efforts in the study of the formation and loss processes of PNA, including the preparation, decomposition photochemistry and pulse radiolysis.
It has been confirmed that the PNA molecule plays an important role in the Earth's upper troposphere and lower stratosphere (UTLS) as a reservoir for both HO x (OH and HO 2 ) and NO x (NO and NO 2 ) species [2] [3] . Besides, the product of the reaction of OH with PNA is a significant sink for HO x in the lower stratosphere (LS). As a result, PNA plays an important role in determining ozone abundance and its changes over time in the lower stratosphere [4] [5] [6] [7] [8] .
The dominant atmospheric loss processes for HO 2 NO 2 consist of thermal decomposition [9] , photodissociation (UV and Visible/near-IR) [10] , and reaction with the OH radical.
Each of these loss processes may have different impacts in the UTLS, in terms of the partitioning and removal of HO x and NO x . Thermal decomposition, near-infrared photodissociation processes and overtone * Author to whom correspondence should be addressed. E-mail: tj16@ustc.edu.cn, Fax: +86-551-3603388 absorption do not remove OH, HO x and NO x from the atmosphere [10] . However, UV photolysis and the reaction of HO 2 NO 2 with OH may contribute to the loss of the reactive HO x and NO x radicals, depending on the products of these two processes.
The rate constant for reaction (3) has been previously measured in the laboratory by using both absolute [11, 12] and relative [13] [4, [11] [12] [13] . Such differences are not surprising due to the difficulties in determining the PNA concentration and accounting for the influence of reactive impurities. In addition, the unambiguous mechanism of reaction (3) is still not clear.
In this work, a high level of theory is employed to study the mechanism of the reaction of OH+PNA. The information on the potential energy surface (PES) is directly obtained from ab initio calculations. Such investigation can provide useful information for chemicaldynamic analysis.
II. COMPUTATIONAL METHODS
All of the electronic structure calculations in our present study were carried out with the Gaussian 03 program [14] . The geometries of the reactants, products, intermediates, and transition states of the reaction HO 2 NO 2 +OH were fully optimized by using the hybrid density functional B3LYP method with the CBSB7(6-311G(2d,d,p)) basis set. Vibrational frequencies were calculated at the same level to determine the nature and zero-point energy (ZPE) corrections of the stationary points. Each saddle point was verified to connect the proper reactants and products by performing an in-trinsic reaction coordinate (IRC [15] ) calculation. The single point energy calculations for all species were performed at the multilevel techniques based on additive energy corrections of CBS-QB3 [16] . In this work, additional calculations were carried out in some cases using G3B3 method to confirm the energies obtained by the CBS-QB3 method. Unless otherwise specified, the CBS-QB3 single-point energies are used in the following discussions.
III. RESULTS AND DISCUSSION
The optimized geometries of stationary points are shown in Fig.1 . The overall energy profile based on the CBS-QB3 method is depicted in Fig.2 . The vibrational frequencies including available experimental data for PNA are summarized in Table I and the scaled harmonic vibrational frequencies of the main stationary points are listed in Table II. A. Structure and vibrational frequencies of PNA Some theoretical studies have been performed to investigate pernitric acid [17] [18] [19] [20] . Chen and Hamilton showed that a minimum structure calculated with the B3LYP method was similar to that calculated with both MP2 and QCISD methods using similar size basis sets [18] . Aloisio et al. obtained the geometry of PNA using the B3LYP method [20] , which is in line with the structure calculated by Chen and Hamilton. Meanwhile, Jitariu et al. achieved three rotational isomers for PNA at different levels of theory and their calculations also indicated that the three isomers have the same energy at the G2MP2 level of theory [19] . More recently, Matthews and Sinha studied the structure and vibrational spectra of HO 2 NO 2 using a high-level ab initio method [21] . They revealed that there was a significant basis set dependence in the predicted ab initio structure for PNA, and the calculations with the smaller basis set may not provide an accurate representation of the experimental geometry for PNA. Based on these results, the basis set 6-311++G(2df,2p) was employed to calculate the geometry of PNA in this work. The singlet geometries of PNA obtained in these calculations with two different basis sets are given in Fig.1 . The global minimum structure is in good agreement with that calculated by Saxon et al. [17] and Jitariu et al. [19] , having no symmetry and the plane of the HO 2 group roughly perpendicular to the plane of the NO 2 group. The dihedral angles of HOON are 87.3
• and 88.0
• with the CBSB7 and 6-311++G(2df,2p) basis sets, respectively, which are in line with 85.9
• at the CCSD(T)/aug-cc-pVTZ level [21] .
Frequencies and IR intensities calculated for PNA in the present work are given in Table I along with the observed values [22] [23] [24] . From Table I it can be seen that all of the MP2 calculations of Chen et al. [18] and Jitariu et al. [19] and the CCSD(T) calculations of Matthews et al. [21] overestimated the higher frequencies. The unscaled frequencies here based on B3LYP calculations are in line with their results. In contrast, in Table II , it is very clear that the scaled frequencies (scale factor is 0.96) of PNA in these calculations are in good agreement with the available experimental values. At the B3LYP/CBSB7 level the rotational constants A=12.039, B=4.613, C=3.375 GHz were also generated; they are in good agreement with the experimental values (A=11.994, B=4.665, C=3.397 GHz) [24] . The results indicate the method used in this work is appropriate.
B. Channels for HO2NO2+OH reactions
In these calculations there are five channels to produce five products, H 2 O+NO 2 +O 2 (P1), HOOH+NO 3 (P2), NO 2 +HO 3 H (P3), HO 2 +HONO 2 (P4), and HO 2 +HOONO (P5), and four intermediate complexes,
A pre-reaction hydrogen-bonded complex M1 (O 2 NOOHOH) is formed due to the dipole-dipole interaction between the oxygen atom of the OH radical and the hydrogen atom of PNA, as illustrated in Fig.1 . The forming HO· · · H bond is 1.894Å in M1, which is in the range of hydrogen bond length 1.7-2.3Å, while the O5−H6 bond is elongated to 0.982Å. The dihedral angle of NOOH is reduced to 81.3
• , and the formation of HOH angle is 92.5
• . The relative energies calculated at the CBS-QB3 and G3B3 levels of theory for M1 are −19.2 and −18.8 kJ/mol, respectively.
M1 can decompose to P1 via a transition state TS1. This is an N2−O4 and O5−H6 scission and O−H6 formation process. The breaking N2−O4 and O5−H6 bonds in TS1 are elongated to 1.546 and 1.022Å, respectively. Meanwhile, the forming O−H6 bond is shortened to 1.468Å. At the same time the angle of ∠HOH6 increases to 110.3
• , tending to form an H 2 O molecule. Energetically, TS1 is located at 1.2 kJ/mol above the reactants, while the relative energy calculated at the G3B3 level for TS1 is 14.6 kJ/mol. Considering the different levels of theory, such differences are reasonable. The relative energy of product P1 is −193.9 kJ/mol.
The oxygen atom of OH radical can attack one of the oxygen atoms of PNA to form the product P2. With the approaching of O7 and O5 and the stretching of O4−O5, the transition state TS2 is reached. In TS2 the forming O5−O7 bond is shortened to 1.793Å while the breaking O4−O5 bond is elongated to 1.674Å. From Fig.1 we can also see that the N−O4 bond is shortened to 1.391Å. The relative energies of TS2 and P2 are 67.7 and −49.3 kJ/mol, respectively, while the calculated energy of TS2 at the G3B3 level is 76.5 kJ/mol.
Besides the O5 atom, the O4 atom of the PNA molecule can also be attacked by the O atom of the OH radical. This is a direct reaction process via a transition state TS3 with a barrier of 68.6 kJ/mol. This indicates that TS3 and TS2 have nearly the same energy at the CBS-QB3 level. From Fig.1 we can see that the forming O4−O7 bond in TS3 is shortened to 1.904Å while the breaking N2−O4 bond is elongated to 1.979Å. The relative energy of P3 is −41.8 kJ/mol.
Since the P3 product has not been detected in past experimental research, this reaction channel was also calculated using the G3B3 method. The relative energy of TS3 was determined to be 83.2 kJ/mol. From above results we can see that at the G3B3 level the relative energy of TS3 is only 6.7 kJ/mol higher than that of TS2, and there is only a 0.8 kJ/mol difference between TS2 and TS3 at the CBS-QB3 level. Thus we conclude that the channel of the formation of the P3 product is also feasible. Based on these results, future experimental studies are strongly desired to confirm this channel.
It is very interesting that P4 can be formed through two different pathways. One is a direct reaction via a four-membered ring transition state TS9 with a barrier of 242.4 kJ/mol. The other is a consecutive reaction process. Firstly, the O atom of the OH radical is added to the N atom of the PNA molecule via a transition state TS6 with the formation of the complex M3a. The corresponding barrier is 130.4 kJ/mol. Then M3a isomerizes to M3b via an H−ON rotational transition state TS7. Finally, M3b decomposes to the final product P4 via an N2−O4 breaking transition state TS8. The relative energies of M3a, TS7, M3b, TS8, and P4 are 99.5, 113.3, 96.6, 120.0, and −104.1 kJ/mol, respectively. Owing to the higher barrier for the two processes, they do not play an important role in the overall reaction.
here is another channel that can produce the HO 2 radical. The PNA and OH radical may approach each other through the O atom of the OH radical and the O1 atom of the PNA molecule to form a complex M2 via a transition state TS4. With the gradual approach of the O atom of the OH radical to the O1 atom of the PNA molecule and the stretching of the N2−O1 bond, the TS4 structure occurs. In TS4 the forming O7−O1 bond is 1.586Å and it is shortened to 1.434Å in M2, while the N2−O1 bond is elongated to 1.313Å in TS4 and it is only stretched by 0.155Å in M2. As shown in Fig.2 , M2 can further decompose to HO 2 and HOONO via an N−O breaking transition state TS5 with a small barrier of 4.6 kJ/mol. The breaking N2−O4 bond in TS5 is elongated to 1.617Å, while the O4−O5 bond is only slightly shortened by 0.006Å. The calculated relative energies of TS4, M2, TS5, and P5 are 114.1, 112.0, 116.6, and 23.4 kJ/mol, respectively. This pathway has been confirmed by IRC calculations. Note that the barrier is so high that this process does not easily occur at room temperature.
The schematic description of the PES of the reaction is shown in Fig.2 . Indeed, P1 is a preferable product in view of thermodynamics because it has the lowest energy among the five products. Since it has the lowest barrier, taking kinetics into account, P1 is still the dominant product. As a result, we believe that H 2 O+NO 2 +O 2 is the main product for the title reaction and this is in good agreement with the experimental observations [4, [11] [12] [13] . In view of kinetics, we can see that the channel of formation for product P3 is also a feasible pathway, which is not in line with the conclusions by Jiménez et al. [4] . Jiménez et al. studied the reaction of PNA+OH by producing OH via pulsed laser photolysis (PLP) and detecting OH via laser-induced fluorescence (LIF). They also reported the first experimental determination of the product branching ratios for reaction (3) . They concluded that the branching ratios for the production of P2 and P4 at 298 K were <5% and <10%, respectively, and H 2 O+NO 2 +O 2 (P1) were the dominant products. The product P3 was not reported in their work.
In addition, the enthalpy changes ∆H 
They believed the reaction involved a fast preequilibrium between the reactants and the prereactive complex followed by an internal rearrangement leading to the elimination of a water molecule. If k f and k r are the rate constants for the forward and reverse reactions of the first step, respectively, and k b is the rate constant for the second step, then the rate constant for the overall reaction can be written as
In this reaction, the energy difference between the barrier E r and E b is only 0.12 kJ/mol. However, the entropy change in the reverse reaction of the first step reaction is larger than that in the formation of the products of the second step reaction. Thus, one can expect k r to be considerably larger than k b [27] . Based on this assumption, they obtained a reliable result [26] . For the reverse process of M1 formation in OH+PNA reactions, the variation transition state theory (VTST) was used in the current work to obtain the value of k r , which is truly higher than k b . As a result, for this complex consecutive process: PNA+OH↔M1→P1, the same method was used as Alvarez-Idaboy et al. used in Ref. [26] to calculate the rate constant. The calculated rate constant is 1.13×10 −12 cm 3 /(molecule s) at 300 K. The experimental result was 3.42×10 −12 cm 3 /(molecule s) [4] .
C. Comparison with the HNO3+OH reaction
The dominant loss of HO x in the lower stratosphere is due to the reactions of the hydroxyl radical with peroxynitric acid (HO 2 NO 2 ) and with nitric acids (HONO 2 or HNO 3 ) [28] . Thus it is very meaningful to compare the PES feature of the reaction of HO 2 NO 2 +OH with that of the analogous reaction HONO 2 +OH.
In 2000, Xia et al. studied the mechanism of the OH+HONO 2 reaction by ab initio molecular orbital calculations at the G2M(cc3) level of theory [29] . They reported four different reaction channels including four complexes and four transition states. The possible reaction pathways are summarized as
By comparing the theoretical results, we find that both reactions involve the same initial association process, that is, the oxygen-to-hydrogen process, HOR+OH→HO·HOR (R=ONO 2 , NO 2 ), to form a molecular complex through hydrogen bonding with no barrier. Xia et al. reported two different structures of HO·HONO 2 , and they both dissociate to the products H 2 O and NO 3 . In their work the calculated hydrogen bond lengths ranged from 1.683Å to 1.817Å, which are slightly shorter than that of the HO·HOONO 2 system (1.894Å). From the PES of these two different systems, we can see that the pathway of the complex HO·HOR (R=ONO 2 , NO 2 ) decomposition to the final products is the main reaction channel in their reaction systems. Both of them have the lowest energy barriers. In the HO+HONO 2 system, the barrier height is 27.6 kJ/mol at the G2M(cc3) level.
In order to study the relation between the structure and properties for the analogous reactions and find a proper method to study the kinetic behavior for the reaction of HO 2 NO 2 +OH, the OH+HONO 2 →LM2→TS2→H 2 O+NO 3 pathway was also calculated using the CBS-QB3 method. The results indicate that the optimized geometries of LM2 and TS2 at the B3LYP/CBSB7 level of theory are in good agreement with those reported by Xia et al. [29] . The relative energies of LM2 and TS2 were calculated as −19.6 and 6.7 kJ/mol at the CBS-QB3 level, respectively. These values are also consistent with those obtained by Xia et al. [29] . The dissociation energy of LM2 is about 26.3 kJ/mol, which is a little higher than that of the HO+HOONO 2 system (20.5 kJ/mol). This difference was probably caused by NO 3 radicals with higher electronegativity than that of NO 2 radicals, which strongly attracts the electrons located on the OH radical. Thus, theoretically, the hydrogen atom in the PNA molecule has more positive charges than that in the HONO 2 molecule.
For these two reactions, it is obvious that they both have the reaction channel that forms the HOOH molecule. Meanwhile, as discussed above, the NO 3 radicals have higher electronegativity than that of the NO 2 radicals, which leads to the O−O bond rupture of the
